
APL MATERIALS 5, 126104 (2017)

Sputtering growth of Y 3Fe5O12/Pt bilayers and spin
transfer at Y 3Fe5O12/Pt interfaces

Houchen Chang,1 Tao Liu,1 Danielle Reifsnyder Hickey,2 P. A. Praveen
Janantha,1 K. Andre Mkhoyan,2 and Mingzhong Wu1,a

1Department of Physics, Colorado State University, Fort Collins, Colorado 80523, USA
2Department of Chemical Engineering and Materials Science, University of Minnesota,
Minneapolis, Minnesota 55455, USA

(Received 20 April 2017; accepted 5 November 2017; published online 4 December 2017)

For the majority of previous work on Y3Fe5O12 (YIG)/normal metal (NM) bi-layered
structures, the YIG layers were grown on Gd3Ga5O12 �rst and were then capped by an
NM layer. This work demonstrates the sputtering growth of a Pt/YIG structure where
the Pt layer was grown �rst and the YIG layer was then deposited on the top. The YIG
layer shows well-oriented (111) texture, a surface roughness of 0.15 nm, and an effec-
tive Gilbert damping constant less than 4.7� 10� 4, and the YIG/Pt interface allows for
ef�cient spin transfers. This demonstration indicates the feasibility of fabricating high-
quality NM/YIG/NM tri-layered structures for new physics studies. ©2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5013626

Recently there is a strong interest in studying Y3Fe5O12 (YIG)-based spintronics, and this interest
is mainly driven by the fact that YIG materials have a damping constant lower than any other magnetic
materials. In terms of the Gilbert model, the damping constant (� ) in YIG materials is found to be
� � 3 � 10� 5, which is two orders of magnitude lower than that in conventional ferromagnetic
metals.1 Apart from the low damping feature, YIG materials are also electrically insulating, shunting
no current when an electric current �ows in a neighboring normal metal (NM) or topological insulator
(TI) layer.

The majority of the previous studies on YIG spintronics utilized YIG �lms that were grown on
single-crystal Gd3Ga5O12 (GGG) substrates �rst and then capped with either a thin NM layer2–10

or a thin TI layer.11–13 The use of the GGG substrates is crucial in terms of realizing high-quality
YIG �lms because GGG not only has a crystalline structure almost perfectly matching that of YIG
but is also extremely stable at high temperature in oxygen, which is the condition needed for YIG
crystallization. The growth of the NM or TI capping layer on the top of YIG, on the other hand, is
fairly easy to achieve and usually does not alter the properties of the YIG layer except enhancing the
damping via spin pumping.

This letter reports on the feasibility of growing high-quality YIG thin �lms on Pt thin �lms.
Generally speaking, it is technically challenging to grow high-quality YIG �lms on metallic �lms,
and possible issues include the oxidation and peeling-off of the metallic layer, interfacial diffusion,
and formation of pin-holes in the �lms during the growth or post-annealing process of the YIG �lms.
In this work, a unique sputtering process was developed that successfully resolved these issues.

The feasibility demonstrated in this work is of great signi�cance because it enables the fabrication
of sandwich-like NM/YIG/NM or NM/YIG/TI structures. Such tri-layered structures will facilitate
various interesting fundamental studies as well as device developments where, for example, one can
use the top NM or TI layer as a writing layer to induce precession dynamics, domain wall motion, or
even magnetization reversal in the middle YIG layer and use the bottom NM layer as a reading layer
to probe the magnetization status in the YIG layer.
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In fact, in 2016, Pt/YIG/Pt sandwich structures have been used, independently by Wuet al.14 and
Li et al.,15 to demonstrate for the �rst time magnon-mediated electric current drag, a phenomenon
predicted by Zhang and Zhang in 2012.16 However, in spite of the intriguing physics which those
studies demonstrated, the YIG layers in the structures exhibited low quality. Speci�cally, in the work
by Li et al., the YIG layers had a low resistivity and underwent current leakage at room temperature
(RT),15 and in the work by Wuet al., the YIG layers showed a large peak-to-peak ferromagnetic
resonance (FMR) linewidth (� H), about 358 Oe at 9 GHz.14

Presented below is the use of an optimized sputtering process to grow YIG/Pt bi-layers on GGG
substrates that show high quality in terms of the FMR linewidth, damping, resistivity in the top
YIG layer, and spin transfer across the YIG/Pt interface. In a YIG(58 nm)/Pt(14 nm)/GGG(0.5 mm)
structure, the YIG layer showed� H = 7.5-9.5 Oe over 8.5-17.5 GHz, which is considerably smaller
than the� H value cited above,14 and an effective damping constant less than 4.7� 10� 4, which
is comparable to the� value in YIG �lms grown on GGG substrates by pulsed laser deposition
(PLD).17–20 Ef�cient spin transfer across the YIG/Pt interface is indicated by strong inverse spin Hall
voltage signals produced in the Pt layer by spin pumping.

Both the Pt and YIG layers were deposited by sputtering, and the deposition was on 0.5-mm-thick,
(111)-oriented, single-crystal GGG substrates. There are three major procedures: (i) Pt deposition by
DC sputtering, (ii) YIG deposition by RF sputtering at RT, and (iii) post-annealing at high tempera-
tures. For the Pt deposition, the GGG substrate temperature plays a rather critical role. The Pt layers
deposited at RT exhibit smooth surfaces but encompass large tensile stress,21 and stress releasing
during the later annealing process often produces bumps and spikes on the surface of the top YIG
layer, as indicated in Fig. S4(b) of thesupplementary material. On the other hand, deposition at
temperatures higher than 300� C can yield Pt �lms with much less tensile stress,21 but such �lms
are usually granular and exhibit very rough surfaces, as shown in Fig. S4(a) of thesupplementary
material, that affect the subsequent YIG deposition and prevent the realization of high-quality YIG/Pt
interfaces. As a result, a two-step Pt growth process is taken. First, a 3-nm-thick Pt is deposited at
400 � C. Then a 11-nm-thick Pt is deposited at RT, showing a very smooth surface. The Pt growth is
then followed by the deposition of an amorphous YIG layer by RT sputtering and then two distinct
annealing steps. The �rst annealing is done at 650� C for 60 min. The second annealing is carried
out at 700� C for 30 min. It is found that a one-step annealing process with various temperatures and
time cannot guarantee a smooth and intact YIG layer, as indicated by Fig. S3 of thesupplementary
material. The two-step annealing process is to make sure that the YIG layer is crystallized, and at the
same time, a smooth surface is maintained. For the data shown below, the sample was prepared using
the optimized sputtering and annealing parameters listed in Table I of thesupplementary material.
The other parameters that are not listed are approximately the same as those described in Ref.22.

Figures1 and2 give the representative data that show the structural and morphologic properties
of an YIG(58 nm)/Pt(14 nm)/GGG(0.5 mm) sample fabricated with the parameters listed in Table I
of the supplementary material. Figures1(a) and 1(b) present two high-angle annular dark-�eld
(HAADF) scanning transmission electron microscopy (STEM) images of the sample cross section
using different scales, as indicated. The STEM measurements used an FEI Titan G2 60–300 S/TEM
system equipped with a Schottky X-FEG gun and operated at 200 kV. Figures1(c) and1(d) show
an atomic force microscopy (AFM) surface image and an X-ray diffraction (XRD) spectrum of the
sample, respectively. The STEM images in Figs.1(a) and 1(b) clearly indicate that the Pt layer
manifests itself as a granular �lm with a smooth bottom surface and a rough top surface. The further
analysis indicates that the Pt grains have an average lateral size of about 27 nm. The YIG layer is
crystallized and exhibits (111) orientation, as shown in Figs.1(b)and1(d), and the top surface of the
YIG layer is very smooth, as shown in Figs.1(a)and1(c). Several notes should be made. First, prior to
the annealing, the YIG �lm is amorphous as it is deposited at RT and the FMR measurement shows no
magnetic response. The above results indicate that during the annealing the YIG �lm is crystallized
on the Pt layer though with large lattice mismatch. This is consistent with the previous work on
Bi-doped YIG �lms, where amorphous �lms coated on glass substrates also become crystalline after
the annealing.23 Note that one cannot tell the crystalline texture of the Pt layer from the STEM
images, indicating that the Pt layer may be nanocrystalline. As a result, the reason for the formation
of the YIG (111) texture on the Pt layer is currently unknown. Second, the analysis of the AFM data
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FIG. 1. Structural and morphologic properties of YIG(58 nm)/Pt(14 nm)/GGG(0.5 mm). (a) HAADF-STEM cross-sectional
image. (b) HAADF-STEM cross-sectional image with a scale 10 times bigger than that in (a). (c) AFM surface image.
(d) XRD spectrum.

indicates that the YIG �lm surface has a rms roughness of about 0.15� 0.05 nm. Third, the two-step
Pt deposition process and the two annealing steps described above played important roles in the
realization of the smooth YIG surface, and the latter is critical for achieving a high-quality interface
if an additional NM or TI layer is grown on the top of the YIG layer. More discussions and control
experiments about the Pt deposition and the annealing process are provided in thesupplementary
material.

FIG. 2. HAADF-STEM image (top-left) and corresponding EDX compositional maps. The composite intensity (at. %) for
individual-element maps has been rescaled for visibility.
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Figure 2 presents the cross-sectional compositional maps measured with energy-dispersive
X-ray (EDX) spectroscopy. Except the one for Fe, the EDX maps all indicate clear boundaries
between the layers, suggesting very weak interfacial diffusion. In particular, the maps indicate that
Pt, Ga, and Gd are all absent in the YIG layer. Surprisingly, Fe is clearly present at the GGG/Pt
interface, possibly due to the diffusion of Fe from the YIG layer through the Pt layer during the
annealing. It is fortunate that the presence of Fe at the GGG/Pt interface does not affect the spin
transfer across the Pt/YIG interface and will therefore not play roles in the study of spin effects in
Pt/YIG/NM or Pt/YIG/TI if such tri-layered structures are fabricated. In addition to the EDX maps,
EDX line scans across the 5 nm depth of the YIG �lm were also obtained. The data, presented in
Fig. S2 of thesupplementary material, indicate an atomic Y/Fe ratio of 3/5, which is as expected.
The EDX results together with the XRD results shown in Fig.1(d)and Fig. S1 of thesupplementary
materialcon�rm the composition of the YIG �lm and the absence of other oxide phases in the sample.

Figure3presents the magnetic hysteresis responses measured by a vibrating sample magnetome-
ter (VSM) using different �elds, as indicated. The analysis of the data in Fig.3(a)yields a coercivity
of Hc � 20 Oe and a saturation induction of 4� Ms � 1.37 kG. The analysis of the data in Fig.3(b)
indicates 4� Ms � 1.58 kG and a saturation �eld of about 1.52 kG. These values are compared with
the corresponding values from the FMR and spin pumping measurements shortly.

Figure4presents the FMR data measured with shorted X-band and Ku-band waveguides. Figures
4(a)and4(b) give the derivatives of the FMR power absorption for in-plane and out-of-plane �elds,
respectively. The circles show the data, while the red curves show the Lorentzian �ts. The Lorentzian
�tting-yielded FMR �eld ( HFMR) and� H data are presented in Figs.4(c)–4(f).

In Figs.4(c) and4(d), the symbols showHFMR as a function of frequency (f ), while the lines
show the �ts to the Kittel equations

f = j
 j
p

H (H + Meff ) (1)

and

f = j
 j (H � 4� Meff), (2)

where |
 | is the absolute gyromagnetic ratio,H is the external magnetic �eld, andMeff is the effective
saturation induction. Equations (1) and (2) are for the �eld-in-plane and �eld-out-of-plane con�gu-
rations, respectively. The |
 | andMeff values indicated in Figs.4(c)and4(d)were obtained from the
�tting. One can see that the two |
 | values are very close to each other and they both are also close to
the standard value (2.8 MHz/Oe).

In Figs.4(e)and4(f), the symbols show� H as a function off, and the lines show �ts to

� H =
2�

p
3 j
 j

f + � H0, (3)

FIG. 3. Static magnetic properties: (a) and (b) show the hysteresis loops measured by a vibrating sample magnetometer using
different �elds, as indicated. The sample size is 5 mm� 4 mm. The dashed lines in (b) indicate how the saturation �eld is
determined.
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FIG. 4. FMR properties: (a) and (b) present the FMR pro�les measured with in-plane and out-of-plane �elds, respectively.
The circles show the data, and the curves show the Lorentzian �ts. (c) and (d) plot the Lorentzian �tting-yielded FMR �eld
as a function of the frequency for two different �eld con�gurations, as indicated. (e) and (f) present the �tting-yielded FMR
linewidth as a function of the frequency for different �elds, as indicated. In (c)-(f), the symbols show the data, while the lines
show the �ts.

where� is the effective Gilbert damping constant, and� H0 accounts for inhomogeneity linewidth
broadening. The �tting-produced� and� H0 values are also given in Figs.4(e)and4(f). The data
indicate three important results. First, the linewidth values are slightly larger than those of the �lms
grown on GGG substrates17–20,22 but are substantially smaller than the value reported previously for
the YIG �lms grown on Pt (about 358 Oe at 9 GHz).14 Second, the� H vs.f response in Fig.4(e)shows
linear behavior over the entire frequency range, indicating that the two-magnon scattering is probably
weak if it is present in the YIG �lm.24,25 Third, the� value for the �eld-in-plane con�guration is
notably larger than that for the �eld-out-of-plane con�guration. The same phenomenon also exists in
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the Pt/YIG/GGG system as shown in Fig. S6 of thesupplementary material. This difference is mainly
from the difference in spin pumping for the two �eld con�gurations if one assumes the two-magnon
scattering contribution is negligible. Previous theoretical work showed that in ferromagnet/non-
magnetic metal bi-layers spin pumping-produced damping exhibits an anisotropic nature, being larger
for in-plane �elds than for out-of-plane �elds.26 Finally, considering that the damping constant of
(4.69� 0.03)� 10� 4 given in Fig.4(f) contains a contribution from spin pumping, one can conclude
that the actual damping of the YIG �lm should be smaller than (4.69� 0.03)� 10� 4 and is therefore
comparable to that of the YIG �lms grown on GGG substrates by PLD. The low� values reported
previously for the PLD �lms include 2.3� 10� 4,17,18 2.2� 10� 4,19 and 1.8� 10� 4.20

The magnetic properties presented above clearly indicate that the YIG �lm grown on the Pt
�lm exhibits high quality. They, however, do not speak for the quality of the YIG/Pt interface in
terms of transfers of spins from one �lm to the other. To examine the interface quality, spin pumping
experiments were carried out. During the measurements, one drives the magnetization precession in
the YIG �lm by placing an end-shorted microstrip line on the top of the YIG �lm and feeding it with
a microwave signal. The precession in the YIG layer pumps a pure spin current into the Pt layer that
�ows across the Pt thickness and produces an electrical voltage across the Pt lateral dimension via
the inverse spin Hall effect (ISHE).27

Figure5 presents the spin pumping data. Figure5(a) sketches the experimental setup. Figure
5(b)presents a spin pumping signal map where the horizontal axis shows the strength of an external
�eld applied along the +x direction, the vertical axis shows the frequency of the microwave signal
applied to the microstrip line, and the color shows the ISHE voltage (VISHE) measured across the
Pt length (along they axis). The blue dashed curve shows a �t to Eq. (1), and the �tting used
|
 | = 2.8 MHz/Oe and tookMeff as the �tting parameter. Figure5(c)shows theVISHE data measured
in the same way as those shown in Fig.5(b)except that the �eld was in an opposite direction (along
the� x direction). As the blue dashed curve in Fig.5(b), the red dashed curve in Fig.5(c)also shows a
�t to Eq. (1). For both the measurements, the sample is 5.5 mm long and 2.5 mm wide, the microstrip
line is 3.0 mm long and 50� m wide and has a nominal impedance of 50
 , and the microwave power
applied to the microstrip line is about 100 mW.

Several results are evident from the data in Fig.5. First, theVISHE signals are strong, indicating
that the interface allows for ef�cient spin transfers. The signal strength is close to those measured
with Pt/YIG/GGG samples. For example, measurements using similar experimental con�gurations
yieldedVISHE = 10-50 � V for a Pt(8 nm)/YIG(20 nm)/GGG(0.5 mm) sample andVISHE � 24 � V
for a Pt(14 nm)/YIG(58 nm)/GGG(0.5 mm) sample. Second, the reverse of the �eld direction leads
to a �ip in the voltage sign. This is consistent with the fact that in spin pumping the direction of
the magnetization in the magnetic layer dictates the polarization of the spin current pumped into the
non-magnetic layer.2,9 Third, the voltage signal is the strongest at about 2 GHz, and this is true for
both the �eld directions. This is because the strength of the spin current in the Pt is proportional to
sin2 � , where� is the angle of the magnetization precession in the YIG,28 while for a given microwave
power the precession angle in the YIG is frequency dependent and peaks at about 2 GHz if one takes
a small-angle approximation. Detailed discussions about this frequency dependence are presented
in thesupplementary material. Lastly, the frequencies of the strongest voltage signals can be �tted

FIG. 5. Spin pumping measurements: (a) Experimental setup. (b) and (c) present the spin pumping-produced electrical voltage
(color) measured across the Pt length as a function of the external �eldH (vertical axis) and the microwave frequency (vertical
axis) for different �eld directions, as indicated. The dashed curves show the �ts to Eq. (1).



126104-7 Chang et al. APL Mater. 5, 126104 (2017)

nicely with Eq. (1), as shown by the dashed curves in Figs.5(b) and5(c), indicating that the spin
pumping is mainly associated with the quasi-FMR modes in the portion of the YIG �lm right beneath
the microstrip line. The �tting yieldsMeff = 1.49 kG for the data in Fig.5(b) and in Fig.5(c). It
should be noted that the linewidths of the spin pumping voltage signals are not comparable to the
FMR linewidth values. This is because the microwave magnetic �eld produced by the microstrip line
is spatially non-uniform and thereby excites non-uniform modes in the YIG �lm, as opposed to the
spatially uniform microwave �eld and the uniform precession mode in the FMR experiments.

Finally, several points should be made about the quality of the YIG �lm. First, the above-
mentioned six saturation induction values obtained from the VSM, FMR, and spin pumping mea-
surements are all within 1.47� 0.10 kG, so they are reasonably close to each other. The small
difference between those values may result from the VSM calibration error, the error in the YIG
sample volume estimation, the slight misalignment of the �elds in the FMR and spin pumping mea-
surements, and the presence of weak crystalline anisotropy in the YIG �lm, among others. Second,
the similarity of those values suggests that there is no notable anisotropy in the YIG �lm. Note
that the crystalline anisotropy �eld in single-crystal YIG bulk materials is usually several tens of
oersteds. Third, the average value 1.47 kG is about 16% lower than the well accepted bulk value
(1.75 kG), and the reason for this big discrepancy is still unknown. The EDX analysis indicates that
the YIG �lm has the right composition, but it is worth con�rming this using more sensitive techniques.
Fourth, the RT electrical resistance measurements on a 120-� m-long, 30-� m-wide Hall bar structure
made of a Pt(3.0 nm)/YIG(58 nm)/Pt(14 nm)/GGG(0.5 mm) sample indicate that the YIG �lm has
a resistivity higher than 1.4� 109 
 �m at RT, indicating the electrical insulating nature of the YIG
�lm. For comparison, for the Pt/YIG/Pt structure reported in Ref.15, the resistivity is signi�cantly
lower, about 9.6� 105 
 �m at 300 K and 1.9� 107 
 �m at 250 K. Finally, it is believed that it is
possible to grow YIG thin �lms with similar quality on other metals rather than Pt as long as they
have comparable or higher melting temperatures and have thermal expansion coef�cients close to
those of the substrate and YIG.

Seesupplementary materialfor the optimized sputtering process, detailed sample characteri-
zation by XRD, EDX, and AFM, discussions on the two-step Pt deposition process, spin pumping
ef�ciency, frequency-dependentVISHE amplitude, electric contact of the sample, and Gilbert damping
values in a Pt/YIG/GGG sample.
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